Abstract -The flow boiling characteristics of HFE-7200, a dielectric refrigerant with a suitable boiling temperature for electronics cooling at atmospheric pressure, is presented in this paper. Experiments were conducted for a mass flux of 200 kg/m 2 s, wall heat flux in the range of 26.2 -156.3 kW/m 2 at a system pressure of 1 bar and inlet subcooling of 5 K. The base area of the multichannel heat sink was 20 x 20 mm and consisted of 44 microchannels 360 μm wide and 700 μm deep (Dh=475 μm). High-speed flow visualisation was conducted to study the corresponding two-phase flow pattern development. Bubbly, slug, churn and annular flow were observed in this study. The flow boiling heat transfer coefficient increased with heat flux. The experimental results were compared with results from a similar experimental set-up using HFE-7100 (Heat sink base area 20 x 25 mm, 40 microchannels of 350 μm width and 700 μm height, Dh=467 μm). Local heat transfer coefficients of HFE-7100 decreased steadily with increase in vapour quality whilst an increase in heat transfer coefficient was observed near the channel outlet with HFE-7200. Overall both fluids exhibited similar average heat transfer and pressure drop trends across all heat fluxes.
Introduction
High power densities encountered in modern electronics have necessitated the development of effective thermal management solutions for continued enhancement in processing power and device functionality in compact packaging assemblies. The average heat flux in computer chips is increasing and is expected to reach 2 to 4.5 MW/m 2 in high performance and desktop computers respectively by 2026 [1] . Local hot spots can be 6-10 times the chip average power [2] , giving heat flux values in the range of 12-45 MW/m 2 . In IGBT modules, the heat flux at the chip level can reach 6.5-50 MW/m 2 [1] . Embedded-chip cooling using flow boiling in microchannels has emerged as a promising solution to manage high heat fluxes encountered in modern electronics, which have to be maintained below junction temperature ratings of 85-125 °C. Flow boiling can potentially offer better temperature uniformity because of the constant temperature process during saturated flow boiling. Confined by stringent regulations, chemically inert and environmentally-friendly dielectric coolants such as hydrofluoroethers (HFE) are preferred over water in applications where higher design safety factors are required. Pumped two-phase loops require lower coolant inventory, have better equipment reliability compared to miniature vapourcompression cycles [3] - [6] , consistent and better system performance compared to single-phase cooling using miniature heat sinks [7] or embedded heat pipes [8] that have also been developed for high heat flux electronics cooling. Nonetheless, poor understanding of the effect of flow boiling instabilities [9] and surface characteristics [10] on heat transfer performance, disagreements in the dominant heat transfer mechanism [1] , possible high boiling incipience temperatures in certain cases [11] (where surface characteristics and system design are not well considered) and lack of general design correlations hinder the technological implementation of two-phase microchannel heat sinks for electronics cooling.
In this study, a pumped two-phase loop using fluid HFE-7200, with a boiling point of 76 °C at 1 bar, has been developed for cooling high heat flux devices with an ultimate air-cooled heat sink. The set-up includes a parallel microchannel evaporator and a compact microchannel liquid-to-air condenser. The evaporator has a footprint area of 20 x 20 mm with 44 parallel channels of width 360 μm and height 700 μm. Mass flow rate, temperature and pressure drop measurements were carried out to investigate the performance of the microchannel evaporator. A high-resolution camera was used to study twophase flow pattern development in the microchannel array.
Experimental Facility
The experimental facility is illustrated in Fig. 1 . The main loop using HFE-7200 has an auxiliary cooling part consisting of a water-glycol chiller. The main loop consists of a reservoir, a gear pump (GJ-N23FF2S from Micropump®), two Coriolis mass flowmeters for low and high mass flow rates (OPTIMASS 3000 S01 and S03 from Krohne), a pre-heater, test section and an air-cooled condenser. System pressure is regulated using an immersion heater in the reservoir by a PID controller and the water-glycol chiller is used to control the fluid temperature upstream of the pump. A high-speed camera (Phantom Miro Lab110) was coupled with a Huvitz HSZ-645TR microscope for flow visualisation, recorded at 5000 f/s at a resolution of 512 x 512 pixels for 1.33 s. All instruments were connected to National Instruments Data Acquisition System and monitored through a LabVIEW programme. Data were recorded for a period of 90 s at a frequency of 1 kHz after steady-state conditions are achieved and the values are averaged for data reduction. Steady state was considered when the temperature, pressure and mass flow rates do not vary significantly over the course of 180 s.
The test section is shown in Fig. 2 . It consists of a polycarbonate top plate, cover plate, housing, copper heat sink, cartridge heaters and an aluminium bottom plate. The heat sink was machined from oxygen-free copper and has dimensions 90.0 mm (H) x 26.2 mm (W) x 46.2 mm (L), including the plenum. Forty-four parallel microchannels were machined to a square base area of 20 mm x 20 mm using a high-precision milling machine (Kern HSPC-2216) with a carbide end-mill of 0.35 mm diameter at a speed of 18,000 rpm and a feed rate of 300 mm/min. The channel dimensions were 0.36 mm wide, 0.7 mm deep and 20 mm in length. The corresponding hydraulic diameter was 475 μm. The average surface roughness was found to be 0.23 μm, measured with the Zygo NewView 500 surface profiler. Four cartridge heaters of maximum heating power of 200 W each were inserted vertically at the bottom of the block.
Seventeen K-type thermocouples with accuracies of ±0.2 K were used to measure the temperature distribution in the block. Five thermocouples, each 3.3 mm apart, were positioned along the channel and inserted into the heat sink to a depth of 10 mm, i.e. to the centre of the block, and 1.6 mm from the channel bottom wall to measure axial temperature. From the other side of the heat sink, five thermocouples were inserted at the same coordinates but only to a depth of 5 mm to measure traverse temperature distribution. Six additional thermocouples in the vertical direction, each 5 mm apart, were used to measure the heat flux at the base of the heat sink. The inlet/outlet plenum and fluid manifolds are machined in the polycarbonate top plate. The inlet/outlet pressure and differential pressure were measured across the manifold using two Omega™ PXM409-007BAI pressure transducers and the differential pressure is measured using an Omega™ PX409-015DWUI. The inlet/outlet fluid temperatures were also measured at these points.
Test section
Air-cooled condenser Data from a very similar experimental set-up using HFE-7100 was used in this study [12] . The multichannel evaporator in [12] is of a similar configuration as described above and features a larger base area of 20 x 25 mm with 40 parallel channels of dimensions 350 μm width 700 μm height (Dh = 467 μm). The average surface roughness of the channels is 0.27 μm.
Data Reduction
The pressure drop along the microchannel array, ∆ ℎ , is given by:
where ∆ is the total measured pressure drop and ∆ , given below, is the total pressure loss in Eq. 2 while ∆ , ∆ , ∆ and ∆ are the pressure losses in the inlet manifold, outlet manifold, sudden contraction into the microchannels and sudden expansion from the microchannels respectively.
The pressure drop components in single-phase flow are estimated based on the method described in [13] . The terms , , , and ℎ in Eq. 3 -6 are the liquid density, area ratio and fluid velocity in the fluid line ( Fig. 2 ), manifold and channels respectively. The coefficient of pressure loss through a 90 bend, 90°, expansion and contraction in the channels, and , and expansion and contraction in the manifold, , and , , are found from [14] based on the area ratio of the manifold and multichannels, which are 1.2, 0.27, 0.29, 0.40 and 0.66 respectively.
The experimental fanning friction factor is then found by the relation below:
In two-phase flow experiments, ∆ , and ∆ are calculated based on the two-phase equations in [13] .
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The local heat transfer coefficients, ℎ ( ) , were obtained from thermocouple measurements at five locations along the channel bottom wall at the centre of the microchannel array and calculated with Eq. 10 and 11:
where " , , , ℎ , ℎ and are the base heat flux, base width, number of fins, fin width, fin height and fin efficiency respectively. " is calculated with the gradient of the vertical thermocouples, , and , the thermal conductivity of copper.
( ) is the local wall temperature, found from Eq. 12. is the distance of the topmost axial thermocouples from the channel bottom wall, 1.6 mm, and ( ) is the local fluid temperature, found from Eq. 13 if in single-phase flow or evaluated at the local saturation pressure if the corresponding location is in the flow boiling region. The flow boiling length, , is defined by = ℎ − where ℎ is the channel length. The subcooled length, , is found iteratively from Eq. 14 -16.
( ,
The friction factor, , in Eq. 15 is found using the equation for developing flows given below [14] . The fully-developed Poiseuille number ( ) and constants (∞) and + are given in [14] and for the current channels and are 15. 
The average two-phase heat transfer coefficient, ℎ ̅ ( ) , is calculated based on the flow boiling length as shown in Eq. 17 and is presented as a function of wall heat flux, " (Eq. 18).
The average single-phase Nusselt number is defined in Eq. 19, where the single-phase heat transfer coefficient, ℎ ( ) , is calculated in the same manner described in Eq. 10 -13 and is the liquid thermal conductivity of the fluid.
The vapour quality is determined using the specific enthalpy, ( ) , saturated liquid enthalpy, ( ) , and enthalpy of vapourisation, ( ) , of the fluid, evaluated at the location or at the exit temperature for the exit vapour quality, .
Two-phase flow experiments were conducted at a system pressure of 1 bar with inlet subcooling of 5 K and mass flux at 200 kg/m 2 s. The propagated experimental uncertainties have been evaluated using the method described in [15] . The maximum uncertainty values of channel pressure drop, friction factor, base heat flux, heat transfer coefficient and exit quality for the current experimental range are 0.32 %, 2.39 %, 2.82 %, 10.81 % and 17.00 % respectively.
Results and Discussion

Single-phase results
Single-phase tests were conducted to validate the experimental set-up. Fig. 3 and 4 show the experimental friction factor and average Nusselt number versus Reynolds number respectively. Established correlations in microchannel laminar flows [14] , [16] and [17] were used to validate the experimental results. The figures indicate good agreement between the experimental data and existing correlations and any differences are partly within the experimental uncertainty. 
Two-phase results for HFE-7200 and HFE-7100
The effect of fluid properties were investigated by comparing flow boiling results using for the two working fluids at similar working conditions. The average surface roughness value and hydraulic diameters of the channels are similar, eliminating the effect of surface roughness and minimising the effect of channel hydraulic diameter on the boiling characteristics. A comparison of fluid properties is shown in Table 1 for HFE-7200 and HFE-7100, evaluated at a pressure of 1 bar and a temperature of 50 °C. The saturation temperature of HFE-7200 is 14.4 °C higher than that of HFE-7100 at the same operating pressure. The specific heat, liquid density, gas density and gas viscosity of HFE-7200 is 14.6 %, 5.9 %, 34.0 % and 41.7 % lower than that of HFE-7100. The liquid enthalpy and latent heat of HFE-7200 are both 5.3 % lower than HFE-7100. On the other hand, the surface tension and liquid viscosity values at the same operating pressure is higher in HFE-7200 by 12.7 % and 2.1 % respectively.
The two-phase flow regimes for HFE-7200 were monitored at several locations along the flow direction in the centre of the heat sink. Flow visualisation was conducted near the channel inlet, upstream from the middle of the channel, downstream from the middle and near the channel exit. Bubbly, slug, churn and annular flow were observed. Bubbly flow occurred at low vapour qualities near the inlet and coagulated to form slug flow further downstream, which with increased heat input expanded and covered the entire channel, forcing a transition into annular flow. Alternating churn and annular flow were observed in the channels, especially at moderate to high heat fluxes. At high heat fluxes, alternating churn and annular flow occurred along most of the channel. Similar flow patterns were observed for HFE-7100 [12] . 2 ). The effect of heat flux tends to be less at the higher heat fluxes of these experiments. Local heat transfer coefficients peaked at the inlet of the channels, fluctuated slightly with respect to local vapour quality and increased again near the outlet of the channels. A plausible reason for the high heat transfer coefficients recorded near the channel inlet could be the assumption of a linear pressure drop profile along the channel, as discussed in [18] . The linear assumption could over-predict the local saturation pressure and thus the local saturation temperature. This could have led to a smaller wall superheat term and resulted in an over-prediction of the heat transfer coefficient near the channel inlet. A second possible reason worth considering for further investigation is the possible higher local heat transfer coefficients that can prevail in nucleate boiling. Subsequently, heat transfer coefficients varied only slightly with vapour quality and may be indicative of nucleate boiling in this region. Near the channel exit, an increase in the heat transfer coefficient was observed. The high evaporation rates characteristic of thinfilm evaporation at the liquid-vapour interface in the annular flow regime could explain the rise in heat transfer rate towards the channel exit.
The local flow boiling heat transfer coefficients for HFE-7100 are plotted in Fig. 6 for a similar range of wall heat fluxes at the same mass flux. The local heat transfer coefficients were obtained based on data from three thermocouple locations along the channel bottom wall. The total channel length was 25 mm. The magnitudes of the heat transfer coefficients are close to those observed in HFE-7200, with an initial peak near the channel inlet. The heat transfer coefficients decreased steadily along the channel without an increase towards the exit, contrary the trends observed in Fig. 5 . However this lack of increase may be due to the limited number of thermocouples and hence the smaller number of measuring points for the local heat transfer coefficient and needs to be considered further.
The average heat transfer coefficient of both fluids are depicted in Fig. 7 . The heat transfer rate increase at a similar gradient in both fluids with increase in wall heat flux. This is consistent with the fluid properties discussed in Table 1 , where the liquid enthalpy and latent heat deviated only by around 5 % between the fluids. The average heat transfer rate in HFE-7200 was slightly higher than HFE-7100, especially at low to moderate heat fluxes. Fig . 8 shows the two-phase pressure drop results plotted against the exit vapour quality for G=200 kg/m 2 s. Pressure drop increased with increase in applied heat flux. The pressure drop of HFE-7200 is close to that of HFE-7100 up until an exit quality of 0.6. Afterwards, the pressure drop of HFE-7100 rises steeply and deviates significantly from HFE-7200. The total two-phase pressure drop in the microchannels consist of frictional pressure drop and acceleration pressure drop [13] . The flow velocity in the gas phase increases as void fraction increases in the channel while the liquid phase velocity decreases. The resulting interfacial shear stress increases, possibly creating a greater frictional pressure drop in the channels. Similarly, acceleration pressure drop increases with an increase in void fraction and exit quality in the channel due to density variation of the liquid and gas phase during phase change. In this case, the liquid density of the fluids differ by only around 6 % and appear not to have a significant influence of the pressure drop difference. While the liquid viscosity of the two fluids is also very similar, the gas viscosity of HFE-7200 is over 40 % lower than that of HFE-7100. The lower flow resistance posed by the gas phase in HFE-7200, especially approaching saturated vapour flow might have contributed to lower the pressure drop across the channel at high exit qualities. 
Conclusions
Flow boiling experiments were conducted in a multi-microchannel copper evaporator of base area 20 mm x 20 mm and hydraulic diameter of 475 μm at a system pressure of 1 bar using fluid HFE-7200. Heat transfer and pressure drop results are presented for a mass flux of 200 kg/m 2 s with inlet subcooling of 5 K and wall heat fluxes between 26.2 -156.3 kW/m 2 . The experimental results are compared with a similar set-up using working fluid HFE-7100. The flow patterns observed in the channels included bubbly flow, slug, churn and annular flow. Local heat transfer trends in HFE-7200 decreased with vapour quality but increased near the channel outlet where annular flow is observed. The local heat transfer coefficients also increased with increase in heat flux, with the effect of heat flux diminishing at high heat fluxes. Similar flow patterns and heat flux effect were observed in HFE-7100. The local heat transfer coefficients decreased along the channel and further investigation with more detailed measurements along the channel and evaluation of the flow regimes and fluid properties are required to explain the difference in trends observed near the channel exit, i.e. no increase with quality observed with HFE7100. The average heat transfer coefficient of HFE-7200 is comparable to that of HFE-7100 and increased with increase in wall heat flux. The pressure drop of HFE-7200 is close to that of HFE-7100 but diverges and becomes significantly lower than HFE-7100 at high vapour qualities. This is potentially due to the lower frictional pressure loss, which was related to the large difference in gas viscosity of the two fluids. 
Nomenclature
